Cytochrome P4501A2 (CYP1A2) is estimated to be responsible for 90% of the primary metabolism of caffeine in humans (Tassaneeyakul et al., 1994) and is believed to be largely responsible for formation of the major metabolite, paraxanthine (PX), in vivo. The four in vitro metabolites formed by human CYP1A2 are PX (80%), theobromine (TB; 11%), theophylline (TP; 4%) and 1,3,7-trimethyluric acid (TMU; 1%) (Fig. 1; Gu et al., 1992) . Presumably multiple binding orientations exist within the active site of CYP1A2 since the entire periphery of caffeine is available for metabolism.
Experimental evidence suggests that when metabolically susceptible hydrogen(s) are replaced with deuterium atoms, there can be a decrease in the oxidation rate at the labelled site with no concomitant change in the overall extent of metabolism (Harada et al., 1984; Atkins and Sligar, 1986; Jones et al., 1986) . Thus, the net effect of deuteration is an increased rate of formation of one or all of the alternate metabolites, a phenomenon known as 'isotopicallysensitive branching' or 'metabolic switching'. Based on studies which exhibited classical metabolic switching (Harada et al., 1984) , it was hypothesized that switching occurs at the level of the activated P450 or 'EOS complex', and not earlier in the catalytic cycle. Theoretical studies have supported this concept (Korzekwa et al., 1989; Nelson and Trager, 2003) . Hence, deuterium-induced metabolic switching indicates that isomeric EOS complexes can interchange at rates competitive with product formation.
There are three mechanisms which can account for formation of multiple metabolites from one P450 (Gillette et al., 1994) . The three mechanisms are distinguished on the basis of the fate of the activated enzyme-substrate complexes. In the 'nondissociative mechanism', the substrate adopts multiple conformations within the active site after formation of the perferryl species.
Interconversion rates of the EOS complexes are competitive with the rates of hydrogen DMD #6031 abstraction and breakdown to the respective ES complexes and water. In the 'dissociative mechanism', the substrate dissociates from the activated enzyme, reassociates in either a new orientation or the original one, and is then oxidized by the original perferryl species. In this scenario, the rates for dissociation and reassociation must be competitive with those for hydrogen atom abstraction and water formation. In the 'parallel mechanism', the orientations of substrate within the active site are predetermined in the ES complexes and are fixed throughout the oxidation of the substrate, i.e., the rates for interconversion or dissociation/reassociation are zero. Figure 2 gives a simplified composite of the three potential kinetic mechanisms with caffeine as the substrate.
As shown in Table 1 and previously presented in the literature (Darbyshire et al., 1994; Gillette et al., 1994; Ebner et al., 1995) , it is possible to use a series of competitive and noncompetitive isotope effect experiments to determine the presence or absence of metabolic switching as well as differentiate between the three mechanisms for multiple metabolite formation. In a competitive experiment equimolar mixtures of both the unlabelled substrate and its isotopically labelled analog are used, whereas in a noncompetitive experiment either the unlabelled substrate or an equimolar concentration of the isotopically labelled analog are incubated separately. Examples in the literature include the CYP2C11-catalyzed metabolism of testosterone and the CYP1A2-mediated catalysis of phenacetin, which follow the dissociative mechanism (Darbyshire et al., 1994; Yun et al., 2000) , as well as the CYP2D6-catalyzed of caffeine metabolite formation, a stable isotope-dilution GC-MS assay was developed (Regal et al., 1998) . The goal of these experiments was to look for evidence of metabolic switching to TB, TP and TMU formation upon replacement of the N-3 methyl group of caffeine with a trideuteromethyl group. Competitive and noncompetitive experiments were carried out in an attempt to ascertain the mechanism leading to the formation of the four primary metabolites.
Unfortunately, we were unable to quantitate TMU formation but this proved to be unnecessary.
We now present evidence that CYP1A2-catalyzed turnover of caffeine proceeds via a nondissociative mechanism and does not exhibit classical metabolic switching, in which a decrease in rate of metabolism caused by deuterium substitution for hydrogen at a particular site leads to an equivalent increase in the rate of formation of other metabolites of the deuterium labelled substrate. (Regal et al., 1998 Addition of reductase and cytochrome b 5 to CYP1A2 preparations. The cytochrome b 5 and reductase were expressed and purified by standard procedures (Miyata et al., 1989; Shen et al., 1989) . The initial concentration of the expressed CYP1A2 membrane preparation was at least 4 µM, in order to avoid the addition of excessive volumes to the incubations. For every equivalent of expressed CYP1A2 (membrane preparations) to be used, 3 equivalents of rat reductase were added and the mixture incubated in a 27°C water bath for 10 min. This was followed by the addition of 10 mM phosphate buffer (pH 7.4) and 0.3% sodium cholate. Cholate is believed to facilitate incorporation of the reductase into the membrane since incubations without it resulted in low levels of caffeine turnover. After another incubation period of 10 min at 27°C, one equivalent of cytochrome b 5 was added, followed by another 10 min at 27°C. The final concentration of cholate within the actual incubations was less than 0.06%.
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Supplementation of the commercial CYP1A2 microsomes involved the addition of supplemental reductase and cytochrome b 5 , in a comparable fashion, minus the addition of the phosphate buffer and the cholate. Both sources of CYP1A2 required supplemental reductase in order to see the expected turnover numbers (1 min -1 ; Gu et al., 1992) . For each experiment utilizing expressed CYP1A2, one batch of enzyme was prepared, followed by distribution to the individual incubations, allowing the assumption that the enzyme is identical throughout each experiment.
Incubations. Human liver microsomes rich in CYP1A2 content (HL103) were prepared as previously described (Raucy and Lasker, 1991) . Cytochrome P450 content was measured by the method of Omura and Sato (Omura and Sato, 1964) , in the presence of α-naphthoflavone, and protein content was determined by the BCA method (Smith et al., 1985) . Expressed, microsomal CYP1A2 was purchased from commercial sources until an expression system in insect cells was established. Membrane fractions were prepared and supplemented in one tube per experiment, followed by the enzyme being aliquoted to the individual incubations. This ensured that the enzyme was identical in each incubation.
The general method for the incubations with caffeine as well as the separation and quantification of the metabolites has been previously published (Regal et al., 1998 Table 2 . Metabolites were separated by reverse phase HPLC prior to derivatization and quantification by GC-MS (Regal et al., 1998) .
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RESULTS
Supplementation of expressed CYP1A2 with reductase and cytochrome b 5 . Due to low turnover numbers in the presence of the commercially expressed CYP1A2 microsomes, the effects of supplemental reductase and cytochrome b 5 were examined. Turnover was enhanced by as much as ten fold (Table 3) . Hence, the remaining incubations with expressed CYP1A2 were supplemented with rat reductase and human cytochrome b 5 , in a ratio of 1:3:1 P450:reductase:b 5 .
The commercially expressed CYP1A2 was found to be more stable than the expressed CYP1A2 membrane preparations, based on the linearity profiles of metabolite formed vs. time (data not shown). Thus, shorter incubation times were used with the latter system as well as incorporation of superoxide dismutase and catalase into the incubations, which provided further stabilization. Presumably, the membrane composition of the two sources of expressed 1A2 was different, due to differences in the expression systems (human lymphoblastoid cells vs. insect Table 4 ). A similar magnitude was also seen in the presence of human liver microsomes (HL103; data not shown). Since there was concern that the second CD 3 functionality might be affecting this magnitude, the experiment was repeated with a 1:1 Table 4 ). Despite this, the results for TB further support the conclusion that the nondissociative mechanism is involved in caffeine metabolism.
Furthermore, this system did not exhibit classical metabolic switching in that there was a significant isotope effect on total metabolism ( D V/K total = 2.9; Table 5B), which is indicative of water formation as a result of reduction of the perferryl species (Gillette et al., 1994) .
DMD #6031 15
This article has not been copyedited and formatted. The final version may differ from this version. 2003) . In addition, masking factors that result from the rate constants prior to the isotopically sensitive step are cancelled by the presence of both substrates. Thus, there are fewer rate constants that affect the observable isotope effects. As mentioned above, the competitive isotope effects for TB and TP (Table 4 ) led to the conclusion that the nondissociative mechanism accounts for metabolite formation from caffeine.
There are several ways to approach the calculation of the intrinsic isotope effect ( D k).
While neither intramolecular isotope effects (Iyer et al., 1997; Nelson and Trager, 2003) nor a
comparison between deuterium and tritium isotope effects (Northrop, 1977) were applicable, the true isotope effects can be directly obtained from the product ratios for the protio and deuterio substrates, as shown below (Atkinson et al., 1994; Nelson and Trager, 2003) P1 and P2 represent two metabolites formed from the same substrate. The resultant numbers for PX relative to TB and TP indicate that the true competitive isotope effects fall between 10.8 and 12.1, respectively.
Since the labelled substrate has three carbon-deuterium bonds at the main site of oxidation, and the mechanism of N-dealkylation involves the abstraction of a single hydrogen (Miwa et al., 1983) , these isotope effects are the product of one primary and two secondary isotope effects
This article has not been copyedited and formatted. The final version may differ from this version. The theoretical maximum for an intrinsic or primary isotope effect is approximately 9 (Bell, 1974; Shea et al., 1983) . Combined primary and secondary isotope effects of 11.8-13.2 are considered to be the maximal effects that could be observed for P450-catalyzed oxidative cleavage of any carbon-hydrogen bond (Jones and Trager, 1987; Jones et al., 1990; Atkinson et al., 1994) . The similarity between the published and the estimated isotope effects for caffeine N-3 demethylation implies that there is a highly symmetrical transition state, one that is neither reactant-nor product-like, and that there is extensive C-H bond stretching within this transition state. It also implies that the bond being broken and the bond being formed have similar energies (Karki et al., 1995) .
In order to provide additional verification of the mechanism as well as further characterization of the caffeine-CYP1A2 interaction immediately prior to oxidation, noncompetitive experiments were performed. Use of the isotope effects obtained for TB and TP under V max conditions (Table 5A) According to Northrop (Northrop, 1977) and as shown for the following simple kinetic scheme, expression of the intrinsic isotope effect (k 3H /k 3D = D k) within the noncompetitive DMD #6031
isotope effects on V max ( D V) depends on the ratio of catalysis to product release (k 3H /k 3D ). This 'ratio of catalysis' is a masking factor in that its' magnitude determines the ability to either partially or completely observe the intrinsic isotope effect. Arguments in the literature indicate that it is possible to ignore the potential masking by equilibrium constants associated with the catalytic cycle of the P450s (Iyer et al., 1997) . Due to the magnitude of the true noncompetitive isotope effects on PX formation (PS 2 ≥ 11), the conclusion was drawn that product release is not rate-limiting for the CYP1A2-catalyzed metabolism of caffeine.
Interestingly, the noncompetitive sub-K m isotope effects on total turnover were greater than one ( D V/K total = 2.9; Table 5B ). In other words, the decrease in the rate of PX formation was not offset by a commensurate increase in the rates of formation of the other metabolites. In the absence of new metabolite(s), the lack of a compensatory switch indicates significant water formation (Gillette et al., 1994) while the overall formation of water would not be expected to change significantly (Atkins and Sligar, 1986; Atkins and Sligar, 1988) . No new metabolites were detected. Yun (Yun et al., 2001 ) have shown significant water formation by human CYP1A2 so this particular attribute does not appear to be caffeine-specific.
Formation of multiple metabolites, as a result of rapid equilibration of the multiple EOS complexes, allows the observation of isotope effects within D V/K by providing a siphon for the excess EOS D (Jones et al., 1986; Korzekwa et al., 1989; Higgins et al., 1998; Nelson and Trager, 2003) . Such a branch point leads to the 'unmasking' of the isotope effect. Partial reduction of the activated perferryl species to water can have the same effect (Gillette et al., 1994; Higgins et al.,
This article has not been copyedited and formatted. The final version may differ from this version. Gillette et al., 1994; Nelson and Trager, 2003; eqn. 3) . This mechanism presents water formation as a branchpoint, i.e., the associated rate constant (k 32 ) appears in the denominator of the masking factor, increasing the magnitude of the observable isotope effects. Rapid equilibration among the kinetically distinguishable EOS complexes (presented as one entity above) results in an obvious preference for oxidation at the N-3 position of caffeine.
There could be an innate chemical reactivity within caffeine, facilitating the preference of oxidation at the N-3 methyl group. However, preliminary estimations of the change in the heats of formation associated with hydrogen abstraction, resulting in a carbon-centered radical at each of the three methyl groups on caffeine, did not indicate a thermodynamic preference for the N-3 position on caffeine (∆H N1 = -26.8 kcal/mol; ∆H N3 = -25.9 kcal/mol; ∆H N7 = -24.6 kcal/mol). It
is also possible that the preference for N-3 demethylation could be the result of a preferred conformation of caffeine in response to the active site architecture. In fact, it has previously been assumed that caffeine sits perpendicular to the CYP1A2 active site with the N-3 position closest to the heme (Lewis, 1995; Lozano et al., 1997) . Recent NMR studies have provided evidence for caffeine sitting parallel to the heme during the initial interaction with the P450 (Regal and Nelson, 2000) . Similar studies with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP; Modi et al., 1997) and CYP2D6 or lauric acid and CYP102 (BM-3; Modi et al., 1996) have indicated that altered binding modes which are more consistent with the known sites of oxidation exist after reduction of the enzyme. Thus, it is apparent that substrate movement later in the P450
catalytic cycle plays a role in determining the site(s) of oxidation.
It has been shown that the magnitude of the isotope effects for N-dealkylation cannot be used to distinguish between the electron or hydrogen abstraction pathways (Karki et al., 1995) .
However, amides are believed to go through a hydrogen abstraction mechanism based on the observation that chemical methods for electron abstraction show significantly smaller isotope effects than those seen for amide N-dealkylation (Hall et al., 1989) . In the few instances examined, relatively large 'intrinsic' isotope effects have been observed for the N-dealkylation of amides ( D V/K ≥ 6; Hall and Hanzlik, 1990; Constantino et al., 1992) . The large isotope effects for the N-3 demethylation of caffeine ( D V/K = 11.5-11.7) are in agreement with the summation of Hall (Hall et al., 1989) , that P450-catalyzed N-demethylation of amides is associated with a large intrinsic kinetic deuterium isotope effect.
In conclusion, large intermolecular isotope effects for the CYP1A2-catalyzed N-3 demethylation of caffeine have been observed. b Gilette et al., 1994 .
d An isotope effect of 1.0 indicates no effect. An inverse isotope effect is <1. A normal isotope effect is >1.
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